INTRODUCTION
Cryo-transmission electron microscopy (cryo-TEM) allows the visualization of biological specimens within their native, hydrated environment at nanometer resolution. To prevent the formation of destructive ice crystals, an extremely high cooling rate has to be achieved in the freezing process. For samples that are inherently thin enough, ranging from macromolecules to peripheral parts of spread cells, this can be accomplished by plunging the sample into a cryogen. This approach, known as "immersion freezing," is an essential preparation technique in structural, molecular, and cell biology. In this article, we discuss the advantages of cryo-EM, the scope of specimens that can be visualized using this technique, the method of immersion freezing, and the instrumentation available. In particular, we focus on the new semiautomatic immersion freezer by Leica Microsystems ("EM GP").
RELATED INFORMATION
Technical aspects of immersion freezing are also discussed in Grassucci et al. (2007) and Dobro et al. (2010) . Laboratory protocols are available for Immersion Freezing of Suspended Particles and Cells for Cryo-Electron Microscopy (Resch et al. 2011a ) and for Immersion Freezing of Cell Monolayers for Cryo-Electron Tomography (Resch et al. 2011b) . Both illustrate the freezing procedure using the example of the Leica EM GP immersion freezer, with advice for troubleshooting general freezing issues and the operation of this instrument in particular.
CRYO-ELECTRON MICROSCOPY AND TOMOGRAPHY
In structural biology, imaging of macromolecular complexes embedded in vitrified (amorphous) ice below recrystallization temperature is the method of choice for visualization in the transmission electron microscope (TEM). In contrast to conventional TEM techniques, cryo-electron microscopy obviates potentially destructive preparative steps such as heavy metal contrasting and removal of water. Thus, it allows one to achieve unprecedented resolution in reconstructions of asymmetric (Chang et al. 2006; Zhang et al. 2008) , helical (Egelman 2010; Galkin et al. 2010) , icosahedral (Chang et al. 2006) , or crystalline (Hite et al. 2010 ) assemblies after reducing the noise inherent to low-dose images taken of frozen hydrated specimens by averaging corresponding structures.
New developments in cryo-electron tomography (cryo-ET) in the last decade (Baumeister 2002; Steven and Aebi 2003; McIntosh et al. 2005 ) now also allow the visualization of pleomorphic structures (Grünewald and Cyrklaff 2006; Norlén et al. 2007 ) and the crowded environment within cells in three dimensions and at nanometer resolution. Hence, this method has become increasingly important in molecular and cell biology and is now routinely being used to visualize the thin peripheral parts of adherent cells grown on grids (Medalia et al. 2002; Cyrklaff et al. 2007; Urban et al. 2010 ) and tissues (Al-Amoudi et al. 2007; Bouchet-Marquis et al. 2007) . For the first time ever, cryo-ET allows one to visualize the molecular organization of hydrated cells, potentially without destructive preparative procedures.
Immersion Freezing
Physical fixation of the specimen by freezing is the most crucial preparative step in cryo-TEM deserving special attention. Foremost, specimens for cryo-EM are frozen without cryo-protectants and, hence, require a cooling rate that prevents the formation of destructive ice crystals. For samples in an aqueous solution with a physiological salt concentration that are thinner than 1 µm (Dubochet and McDowall 1981; Dubochet 2007) , such as suspensions of macromolecules, two-dimensional crystals, or thin parts of cultured cells, this can be achieved by immersion freezing ("plunge freezing"): The specimen is applied to a grid, most of the liquid is blotted off with filter paper, and the remaining liquid film containing the sample with a thickness in the magnitude of 100 nm is plunged into a cryogen. For this purpose, liquid nitrogen (LN 2 ) is not a suitable coolant, as it is close to its boiling point and, hence, forms an insulating gas layer once the sample enters. Instead, liquid ethane, propane, or a mixture of both (Tivol et al. 2008 ) are commonly used. Beside achieving vitrification, it is crucial to minimize surface contamination on the specimen arising from humidity or impure reagents and to freeze the biological sample in a physiologically meaningful state.
However, the heat conductivity of water does not allow bigger specimens, such as tissue samples, to be cooled fast enough to achieve vitrification of the whole specimen at ambient conditions. Hence, approaches delaying the formation of crystalline ice, such as high-pressure freezing (Studer et al. 2001) or self-pressurized rapid freezing (Leunissen and Yi 2009) have to be used to achieve good preservation of structural features.
The simplest version of a device for immersion freezing comprises a forceps holding the grid with the specimen mounted on a gravity-driven dropping mechanism and an LN 2 container surrounding the secondary cryogen (de Carlo 2009). Excess specimen solution is blotted away manually. Many successful experiments were and are carried out using these basic devices. However, a number of critical parameters cannot be controlled using these basic techniques. This includes low humidity around the ultrathin film just before freezing, which can lead to significant evaporation and, hence, a dramatic increase in the concentration of solutes (Cyrklaff et al. 1990; Frederik and Hubert 2005) , limiting the significance and reproducibility of the results obtained. Likewise, the temperature of this ultrathin liquid layer can be influenced easily by the environment, particularly the cold gaseous nitrogen (GN 2 ) from the container just below. A defined temperature of the biological specimen before freezing is, however, essential, both in single particle analysis to decrease thermal fluctuation or to make certain intermediate states accessible (Fischer et al. 2010) , as well as in cell monolayers to keep physiological processes active. Furthermore, on basic plunge freezers the secondary cryogen needs to be warmed up frequently for melting, as both ethane and propane alone freeze at LN 2 temperature (Tivol et al. 2008) .
To more tightly control the freezing conditions, these devices were soon fitted with environmental control (Cyrklaff et al. 1990; White et al. 2003; Arnal et al. 2009 ), heaters to keep the secondary cryogen liquid, or automatic blotting mechanisms (Cyrklaff et al. 1990; White et al. 2003) . Others were adapted for time-resolved experiments (White et al. 2003) or operated in the cold room to reduce evaporation (Grassucci et al. 2007 ). However, success and reproducibility of the experiments highly depend on the skills of the individual performing them, in particular on the instruments that require manual blotting.
Semiautomatic Immersion Freezers
In the last decade, the first commercial semiautomatic plunge freezers were introduced, aiming to make immersion freezing a more straightforward and reproducible process. One prominent example produced by FEI (Eindhoven, Netherlands) is the Vitrobot, currently available in the Mk IV version. This instrument (Frederik and Hubert 2005) features an environmental chamber with controlled temperature and humidification that surrounds the specimen before freezing and a double-sided automatic blotting mechanism using two pieces of filter paper. The intensity of the blot can be controlled by the position of the grid within the wedge of filter papers. The Vitrobot also uses a cryogen container that prevents freezing of the secondary cryogen by insulating it from LN 2 . It allows an automated transfer of the frozen grid from the secondary cryogen to the LN 2 dewar, where the box for grid storage is located. The instrument is controlled via a touchscreen, and a number of parameters can be adjusted. Laboratory protocols that describe immersion freezing with this instrument are available (Iancu et al. 2007; Frederik et al. 2009 ).
www.cshprotocols.org Another instrument, the Cp3, is being produced by Gatan (http://www.gatan.com/). This device's environmental chamber allows humidification via a sponge and monitoring of humidity and temperature via a sensor. The blotting mechanism is pneumatic and can be used either single-or double-sided. A temperature control of the secondary cryogen avoids freezing.
In 2009, Leica Microsystems (http://www.leica-microsystems.com) launched a new immersion freezer developed in close collaboration with our lab, the Leica EM GP ("grid plunger") ( Fig. 1) . Both Immersion Freezing of Suspended Particles and Cells for Cryo-Electron Microscopy (Resch et al. 2011a) and Immersion Freezing of Cell Monolayers for Cryo-Electron Tomography (Resch et al. 2011b) are tailored for the EM GP; its key features and the steps involved in a freezing cycle are briefly introduced here. In addition to standard components like an environmental chamber (+4 to +60˚C, up to 99% relative humidity) that lowers onto the LN 2 dewar before plunging, an easy-to-use computer interface operated via a touch screen (Fig. 2) , and a controlled secondary cryogen heating, the GP incorporates a number of innovations.
A notable difference compared with the other semiautomatic immersion freezers available is that the GP primarily uses single-sided blotting. As this is the way most microscopists blot manually, experience obtained from manual blotting can be easily transferred to the GP. Furthermore, unilateral blotting from the "back" side of the grid is the preferred way to prepare frozen hydrated cell monolayers. If specimens require blotting from both sides, the grids can be rotated 180˚to be blotted from both sides consecutively. The instrument uses a blotting sensor to measure the point of contact between specimen and filter paper (Lihl and Resch 2010) to exert comparable pressure on each grid to be blotted. Even with bent grids or filter paper that is strongly bent due to high humidity, very reproducible results can be obtained.
The GP implements a number of measures to prevent contamination of the specimen by atmospheric humidity. This includes balanced pressures between the environmental chamber and the working area, as well as a constant flow of GN 2 to keep humidity out of the critical working area. The elaborate anticontamination system makes it possible to freeze many grids in a row (at least 20) without accumulating too much ice, even without refilling the LN 2 in the main dewar. It might be a www.cshprotocols.org disadvantage in a very busy lab, however, that the LN 2 dewar and the working area cannot be swapped for a warm and frost-free setup as on other instruments. On the GP, a full bake-out, completed within at most 1.5 h, is required after some hours of work to remove ice contamination.
The following summary covers the individual stages of freezing one grid according to the user interface (Fig. 2) , the input required from the user, and the sequence of actions by the instrument. Settings typical for biological specimens (i.e., single blot and automatic plunging of the specimen) are assumed.
The GP Freezing Cycle
